Objective: To evaluate sublingual microcirculatory and peripheral tissue perfusion parameters in relation to systemic hemodynamics during and after therapeutic hypothermia following out-of-hospital cardiac arrest.
P rofound tissue perfusion alterations have been correlated with the development of multiorgan dysfunction and poor outcome. Recent years have witnessed the development of new techniques that can either directly visualize or indirectly evaluate microvascular tissue perfusion in critically ill patients. Using sublingual sidestream dark-field imaging (1) and different peripheral tissue perfusion parameters, such as the peripheral perfusion index (PPI) (2) , capillary refill time (CRT) (3), and forearm-to-fingertip skin temperature gradient (T skin-diff ) (3), has described these alterations in patients suffering from different pathophysiologic conditions, such as sepsis (4) and cardiogenic shock (5), apparently independent of systemic hemodynamic variables. Therefore, early detection of inadequate tissue perfusion and oxygenation is crucial to institute prompt therapy, avoiding further organ damage.
Because blood flow in different vascular beds is regulated by local vasomotor tone, it can be assumed that alterations in peripheral tissue perfusion parameters are predominantly caused by local mechanisms, i.e., vasoconstriction (3) . Local vasoconstriction occurs when systemic blood flow is not sufficient to meet the body's demands (hypodynamic shock) and/or when the autoregulatory mechanisms governing the distribution of systemic blood flow over different vascular beds are disturbed (redistributive shock) (6) . Until now, the relative contribution of either systemic blood flow or peripheral vasomotor tone (i.e., vasoconstriction) to parameters of microcirculatory tissue perfusion during disease and resuscitation has not been investigated.
A group of patients in whom global and reversible vasoconstriction is induced are the patients who undergo mild systemic hypothermia following out-of-hospital cardiac arrest (OHCA) to protect their brain against ischemia-reperfusion injury (7) . Following return of spontaneous circulation (ROSC), the extent of damage by the ischemia-reperfusion reaction seems to be the major determinant of outcome following cardiac arrest as it leads to a systemic inflammatory response syndrome, resulting in a hyperdynamic systemic circulation that is associated with the occurrence of multiorgan failure (8) (9) (10) . This post-ROSC "sepsis-like" condition has recently emerged as a critical window of opportunity for impact on survival from cardiac arrest (11) . We hypothesized that hypothermia-induced peripheral vasoconstriction will lead to significant alterations in sublingual microcirculatory and peripheral tissue perfusion, independent of systemic hemodynamic variables. In addition, we studied the relation between the occurrence of peripheral tissue perfusion alterations and outcome following OHCA.
MATERIAL AND METHODS
Study Design, Setting and Population. This prospective observational study was conducted between October 2010 and February 2011 at the intensive cardiac care unit (ICCU) in patients who were treated with moderate therapeutic hypothermia after OHCA. Cardiac arrest was defined as the cessation of mechanical cardiac activity as confirmed by the absence of signs of circulation (12) . The arrest was presumed to be of cardiac etiology unless it was caused by trauma, drowning, drug overdose, asphyxia, cerebrovascular accident, hypovolemic shock, or any other noncardiac cause. Patients were eligible for inclusion if they were comatose (Glasgow Coma Scale ≤ 6) after ROSC, older than 18 yrs, not hypothermic (temperature >34°C) on study admission, and if peripheral perfusion measurements could be obtained ≤4 hrs after ICCU admission (Fig. 1 ). Patients were excluded if they, after right heart catheterization, turned out to have a persistent unstable systemic circulation, for instance due to persistent hypovolemia, severe myocardial infarction, severe aortic valve stenosis, or had an immediate indication for mechanical assistance to temporarily support heart function (13) .
Medical ethical approval was provided by the local Institutional Review Board. In all patients, written proxy consent was asked within 4 hrs after ICCU admission from a relative authorized to consent on behalf of such a patient. If possible, deferred patient consent was obtained at the moment the patient was conscious, and if it was ethically valid to do so (14) .
Hemodynamic Monitoring. Systemic hemodynamic variables included heart rate, mean arterial pressure, central venous pressure, pulmonary capillary wedge pressure, mean pulmonary artery pressure, stroke volume, cardiac index, and systemic vascular resistance. All patients were monitored with a radial artery catheter and a pulmonary artery catheter (Edwards Lifesciences, Saint-Prex, Switzerland). After obtaining these measurements, arterial and mixed venous blood samples were withdrawn for the determination of blood gases, hemoglobin saturation, arterial hemoglobin, and arterial lactate concentrations (ABL700; Radiometer, Copenhagen, Denmark).
Treatment Protocol. In agreement with our standard protocol, therapeutic hypothermia was induced to a target temperature of 33°C by insertion of an intravascular cooling catheter (CoolLine, Coolgard and Fortius; Alsius Corporation, Irvine, CA) as soon as possible following admission. Target temperature was maintained for 24 hrs while the patient continued to be sedated (15) , followed by passive rewarming (0.5°C/hr) to normothermia (37°C). Central body temperature was measured continuously with the thermistor of the pulmonary artery catheter and continuously checked with a rectal temperature probe.
Propofol, midazolam, or a combination of both was used for sedation, and fentanyl was used for analgesia. Shivering was treated with a bolus dose of fentanyl and/or by increasing the dosage of sedatives. According to our local protocol, mean arterial pressure was maintained above 60 mm Hg with a diuresis ≥0.5 mL/kg/hr with volume infusion and vasoactive medication. In addition, patients were treated with volume infusion or inotropic medication to maintain a cardiac index ≥2.0 L/min. Arterial blood gas values, corrected for temperature, were used to adjust the ventilator to maintain a Pao 2 between 8.0 and 13.3 kPa and a Paco 2 between 4.0 and 5.0 kPa, with an Fio 2 of 40%. After cessation of cooling, sedation was stopped as soon as the core temperature reached 35°C.
Microcirculatory and Peripheral Perfusion Assessment and Analysis. Sublingual microcirculatory perfusion was assessed using the sidestream dark-field imager (MicroScan; Microvision Medical, Amsterdam, The Netherlands) as described previously (1) . An investigator, blinded to the patients' clinical course and the order of the sequences, analyzed the video images semiquantitatively. Vascular flow (i.e., microcirculatory flow index) and density (i.e., perfused capillary density and proportion perfused vessels) were calculated by the following flow classification: no flow, sluggish, intermittent, continuous, or hyperdynamic (16) using dedicated software (Automated Vascular Analysis, AVA 3.0; Microvision Medical). This approach has been validated previously with low inter-and intraobserver variability (17) . Capillaries were defined as microvessels with a diameter ≤20 µm.
Tissue oxygen saturation was continuously obtained from the thenar using an InSpectra Tissue Spectrometer Model 650 (Hutchinson Technology, Hutchinson, MN) with a 15-mm near-infrared spectroscopy probe placed over the thenar eminence, as described previously (18, 19) .
Peripheral tissue perfusion was evaluated using a combination of the PPI, CRT, and T skin-diff . The PPI (Masimo SET pulse oximetry Perfusion Index, Radical 7, Basingstoke, Hants, UK) provides a noninvasive indicator of peripheral vasomotor tone and peripheral perfusion, and is derived from the photoelectric plethysmographic signal of the pulseoximeter (20) . CRT was measured by applying firm pressure to the distal phalanx of the index finger for 15 secs. The time to return of normal color was measured with a per second analog hospital clock present in every ICCU box (21) . T skin-diff was obtained from two skin probes, attached to the index finger and on the radial side of the forearm, midway between the elbow and the wrist. This temperature gradient can better reflect changes in cutaneous blood flow than the absolute skin temperature itself and increases during vasoconstriction (22) .
Study Protocol. All systemic hemodynamic variables, temperature, metabolic state, and sublingual microcirculatory and peripheral perfusion parameters were collected within 4 hrs after admission to the ICCU (baseline). Measurements were repeated as soon as the patients reached their hypothermic core temperature and were hemodynamically stable (T1), directly after rewarming to normothermic temperature (T2), and another 24 hrs later (T3). All components of the Sequential Organ Failure Assessment (SOFA) score (23) and Simplified Acute Physiology Score II score (24) were collected for each patient at each time point. The total SOFA score was calculated by summing the scores for each of the components (i.e., cardiac, renal, nervous, respiratory, coagulation, and liver). Twenty-eight-day survival was registered for all patients. The response rate was 100% and no patients were lost during follow-up.
Statistical Analysis. The results are presented as median (25th-75th), unless otherwise specified. To study the effect of hypothermia over time on all systemic hemodynamic variables (i.e., heart rate, mean arterial pressure, central venous pressure, pulmonary capillary wedge pressure, mean pulmonary artery pressure, stroke volume, and cardiac index) and all peripheral and microcirculatory perfusion variables, we used the linear mixed model analysis (25) . We retrospectively divided the groups into survivors and nonsurvivors to test whether the averages were significantly different between both groups. Because microcirculation and peripheral perfusion parameters are quantitative results, cutoff values were necessary to discriminate abnormal from normal. We therefore assumed the mean response of sublingual microcirculatory and peripheral perfusion parameters over time in the nonsurvivors as appropriate cutoff to test our hypothesis. To allow determination of the accuracy of microcirculatory and peripheral perfusion parameters for prediction, we used mortality as our dichotomous outcome and abnormal microcirculation and peripheral perfusion parameters as our dichotomous predictor variables (26) . We then summarized our results as sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio, with their respective 95% confidence interval.
To explore the effect of abnormal sublingual microcirculatory and peripheral perfusion parameters on organ (dys)function (see Materials and Methods for definition), we compared the individual SOFA organ systems and Simplified Acute Physiology Score II score between normal and abnormal perfusion after the rewarming period (T2 and T3). Differences between group means were tested by MannWhitney U test. To correct for multiple testing, a p value < .025 was considered statistically significant. We used SPSS (version 16.0; SPSS, Chicago, IL) for the statistical analysis.
RESULTS
Clinical Characteristics. Of the 26 patients fulfilling the inclusion criteria, we had to discontinue measurements in one patient due to early death. Of the 25 patients in whom we completed all measurements, 19 survived (Fig. 1) . Table 1 summarizes the characteristics of all patients. Main hemodynamic and biochemical variables are presented in Table  2 . Cardiac index, heart rate, and lactate were significantly different after rewarming (T2) when compared to admission (baseline) or during cooling (T1). In the nonsurvivors, time to ROSC was longer and lactate was higher on admission.
Time Course of Microcirculatory and Peripheral Perfusion Parameters. Figure 2A and 2B show the time course of sublingual microcirculatory ( Fig. 2A) and peripheral tissue perfusion (Fig. 2B) parameters. In addition, Table 3 shows the microcirculatory and peripheral perfusion values. During hypothermia (T1), there was no difference between survivors and nonsurvivors in all peripheral and microcirculatory perfusion variables. Immediately at baseline however, all sublingual microcirculatory parameters (microcirculatory flow index, perfused capillary density, and proportion perfused vessels) were lower in the nonsurvivors. This difference persisted following rewarming (T2 and T3) when sublingual perfusion improved significantly in the survivors compared to the nonsurvivors ( Fig. 2A) . Similar findings were observed in the peripheral perfusion parameters (with the exception of tissue oxygen saturation): CRT was shorter in survivors at admission and improved even further directly after rewarming, whereas T skin-diff and PPI indicated good peripheral perfusion after rewarming compared to nonsurvivors (Fig 2B) .
Prediction of Microcirculatory and Peripheral Perfusion Levels on Outcome.
Based on the mean response of microcirculatory and peripheral perfusion parameters seen in the nonsurvivors (Table 3) , abnormal sublingual microcirculation was defined as a microcirculatory flow index <2.8, perfused capillary density <12.6, or proportion perfused vessels <96.8; and abnormal peripheral perfusion was defined as CRT >11.5, T skin-diff >5, or PPI < 0.4. Table 4 summarizes the accuracy of microcirculatory and peripheral parameters for mortality prediction at different time points. At admission, sensitivity indicated that approximately 93% in the nonsurvivor group had microcirculatory and peripheral perfusion abnormalities. The positive likelihood ratio obtained at both time points after rewarming indicated that the accuracy of microcirculatory and peripheral perfusion parameters improved significantly with good predictive value. Abnormalities in microcirculatory and peripheral perfusion parameters are obtained approximately 2.5-12 times more often in nonsurvivors than survivors. , forearm-to-fingertip skin temperature gradient [T skin-diff , °C] , and PPI) in survivors and nonsurvivors. The evolution of microcirculatory and peripheral perfusion parameters was significantly different between survivors and nonsurvivors directly after hypothermia (T2) and 24 hrs after hypothermia (T3). Already at baseline there was a difference in MFI, PCD, PPV, and CRT between survivors and nonsurvivors. LogPI, log of peripheral perfusion index; baseline, within 4 hrs after admission to the intensive cardiac care unit; T1, during induced hypothermia; T2, directly after rewarming; T3, 24 hrs after T2. * p < .05, between groups (survivors and nonsurvivors) by linear mixed model analysis. Tables 5 and 6 shows the specific organ SOFA subscores and Simplified Acute Physiology Score II scores stratified by abnormal and normal sublingual microcirculatory (Table 5 ) and peripheral perfusion conditions (Table 6 ), directly after rewarming (T2), and 24 hrs thereafter (T3). At baseline and T1, there was no significant difference in individual SOFA scores between abnormal and normal microcirculatory and peripheral perfusion parameters. Total SOFA score was significantly higher at T2 and T3 for patients with abnormal microcirculatory perfusion and at T3 for patients with abnormal peripheral perfusion compared to those with normal peripheral perfusion (Table 5 and 6 ). Looking at the organ system subscores, this can be attributed to the significantly higher scores for respiratory, cardiovascular, and renal SOFA at T2 and to an almost overall increased organ failure score at T3. The Simplified Acute Physiology Score II organ failure assessment was higher at both time points after rewarming for patients with either abnormal microcirculation or abnormal peripheral perfusion.
DISCUSSION
Our study demonstrates that the postcardiac arrest phase is characterized by profound changes in sublingual microcirculation and peripheral tissue perfusion, independent of systemic hemodynamics. This confirms our hypothesis that the indices of both sublingual and peripheral perfusion are more influenced by changes in local vasomotor tone than changes in systemic blood flow. Although sublingual microcirculatory and peripheral tissue perfusion alterations were initially similar in all patients during hypothermia, these parameters improved toward CI, confidence interval; T1, during induced hypothermia; T2, directly after rewarming; T3, 24 hrs after T2.
After rewarming, an abnormal peripheral perfusion increases the odds to die 7.9 (T2) and, respectively, 12.6 (T3) times more than patients who have a normal peripheral perfusion. Abnormal perfusion is based on the mean response in the nonsurvivors and used as cutoff (microcirculatory flow index <2.8, perfused capillary density <12.6, or proportion perfused vessels <96.8; capillary refill time >11.5, forearm-to-fingertip skin temperature gradient >5, or peripheral perfusion index <0.4). normalization in survivors, but not in the nonsurvivors. Abnormal sublingual and peripheral microcirculatory tissue perfusion was indicative for unfavorable outcome, reflected as higher organ dysfunction score and high probability, and a good predictor of ICCU mortality as well.
Although vasoconstriction appears to be the major determinant of peripheral perfusion, the response of the different parameters to hypothermia was not similar. For instance, only sublingual microcirculatory perfusion decreases due to vasoconstriction during hypothermia, whereas the peripheral circulation is already in a vasoconstricted state at admission. Only after rewarming, when the systemic circulation becomes hyperdynamic, the lack of any relation between systemic and regional perfusion becomes apparent. Sublingual microcirculatory and peripheral perfusion parameters improved in the survivors, but remained significantly impaired in the patients who did not.
Vasoconstriction is a result of compensatory sympathetic nervous system activation, especially active in the cutaneous vascular bed, to preserve blood flow to vital organs under conditions of reduced systemic blood flow. Persistent vasoconstriction, independent of systemic hemodynamics, suggests ongoing sympathetic activity in the patients who ultimately died after OHCA (27, 28) . A similar relation was observed in patients with septic shock (29) .This analogy is not surprising considering that as in sepsis, the ischemiareperfusion phase following cardiac arrest is characterized by the release of inflammatory mediators leading to a systemic inflammatory syndrome-like response, which has been associated with loss of autoregulation and tissue perfusion alterations (30) . Hence, the autonomic nervous modulation in the initial phase following OHCA patients might resemble that of severe sepsis (31) . On the other hand, it has been shown that vasoconstriction and altered microcirculation are also present in an experimental model of hypothermic circulatory arrest (32) .Therefore, it is not clear whether induced hypothermia augments or inhibits these alterations, leading to respectively prolonging of impaired perfusion at admission or postponing the increase following rewarming.
Our observations are in accordance with similar observations in other patient groups. Previously, multiple studies have shown that the severity and persistence of sublingual microvascular alterations are associated with unfavorable outcome in patients with severe sepsis or septic shock (29, 33) , cardiac failure (34), cardiogenic shock (5), or abdominal surgery (35) . Although less sensitive, assessment of the peripheral perfusion is much more practical than sidestream dark-field monitoring of the sublingual microcirculation, as it is much easier to perform at the bedside and does not require elaborate analyses. In fact, the latter is an important obstacle for the practical implementation of sidestream dark-field monitoring in the daily bedside care (40) . In contrast, peripheral skin temperature difference and finger plethysmography are easily implemented, are part of standard monitoring techniques, and are observer independent. In addition, observations from our own group have shown that in adult critically ill patients impaired peripheral perfusion was associated with higher lactate levels, higher organ failure scores, and worse outcome (36) .
Interestingly, the lactate levels were highest in the nonsurvivors at admission (Tables 2 and 3 ). Over time, lactate decreased in this group to similar levels as the survivors at T3. As such, only the admission levels can be used to predict outcome after OHCA, not the course in time. As we have shown in a previous study, this seems to be typical for this group of patients (i.e., post-low-flow state) compared to patients with sepsis, where not the lactate level at admission but the reduction over time was associated with outcome (37) (38) (39) .
The potential role for the assessment of peripheral perfusion in an intensive care unit population applied by multiple clinicians must be further investigated to address whether aiming at normalization of peripheral perfusion will have an impact on outcome. These findings imply that if the clinician stops the resuscitation after the traditional end points have been normalized, patients might still remain in a compensatory vasoconstricted state. The presence of abnormal peripheral perfusion after initial resuscitation identifies patients with a more unfavorable outcome. Therefore, assessment of peripheral perfusion during resuscitation has the potential to optimize vasomotor tone, microcirculatory alterations, and as such resuscitation procedures.
Some limitations of our study need to be acknowledged. First, we used different flow and density parameters as indices of sublingual microvascular perfusion. These software-derived parameters do not take into account the heterogeneity of perfusion, which can be increased in disease states (41) ; still an interobserver variability of 5% has been reported (42) . Second, although sublingual perfusion was significantly different between survivors and nonsurvivors, it is not clear whether this was caused by the worse condition of the nonsurvivors or by differences in the preceding resuscitation procedure, for instance, the difference in time to ROSC, which was shorter in the survivors, or by the amount of epinephrine used during resuscitation. Finally, because our study was an observational study, significant correlations between microcirculatory hypoperfusion and changes Table 6 . Specific organ Sequential Organ Failure Assessment subscores and Simplified Acute Physiology Score II stratified by abnormal and normal peripheral perfusion, directly after rewarming (T2) and 24 in SOFA score and mortality rates do not prove causality. Due to the small sample size, our results have to be interpreted with caution. Future studies will have to prove whether recruitment of the peripheral circulation could be a valuable addition to the resuscitation of the systemic circulation.
In conclusion, following OHCA, sublingual and peripheral microcirculatory tissue perfusion alterations are frequent, and are aggravated by induced hypothermia independent of systemic hemodynamics. Persistence of these tissue perfusion alterations is independently associated with the development of organ failure and mortality. Monitoring of peripheral tissue perfusion might therefore be a valuable adjunct to identify those patients after cardiac arrest eligible for additional therapy, aimed at recruitment of the peripheral circulation.
